Previous studies in East Asia have revealed that the short-term associations between tropospheric ozone and daily mortality rate were strongest in winter, which is opposite to the findings in North America and Western Europe. Therefore, we investigated the season-varying association between ozone and daily mortality rate in 21 cities of East Asia from 1979 to 2010. Time-series Poisson regression models were used to analyze the association between ozone and daily nonaccidental mortality rate in each city, testing for different temperature lags. The best-fitting model was obtained after adjustment for temperature in the previous 2 weeks. Bayesian hierarchical models were applied to pool the city-specific estimates. An interquartile-range increase of the moving average concentrations of same-day and previous-day ozone was associated with an increase of 1.44% (95% posterior interval (PI): 1.08%, 1.80%) in daily total mortality rate after adjustment for temperature in the previous 2 weeks. The corresponding increases were 0.62% (95% PI: 0.08%, 1.16%) in winter, 1.46% (95% PI: 0.89%, 2.03%) in spring, 1.60% (95% PI: 1.03%, 2.17%) in summer, and 1.12% (95% PI: 0.73%, 1.51%) in fall. We found significant associations between short-term exposure to ozone and higher mortality rate in East Asia that varied considerably from season to season with a significant trough in winter. air pollution; East Asia; mortality rate; ozone; season; temperature Abbreviations: IQR, interquartile range; NMMAPS, National Morbidity, Mortality, and Air Pollution Study; PI, posterior interval; PM 10 , particulate matter with aerodynamic diameter of 10 μm or less.
Tropospheric ozone (herein referred to as ozone) is a photochemical pollutant formed through a complex series of reactions involving the action of sunlight on nitric oxide and hydrocarbons. The health effects associated with shortterm exposure to ambient ozone have been well documented worldwide (1) (2) (3) . In general, studies from North America and Western Europe have reported significant associations primarily restricted to the summer or warm periods, when ozone concentrations were high (1, (3) (4) (5) . However, the association between ozone and mortality rates during cold seasons in these regions was not investigated extensively because the ozone concentrations were much lower or not routinely monitored in some cities.
East Asia is a region with one of the highest levels of ozone pollution in the world because of rapid economic development and population growth (6) . Single-city studies in Hong Kong, Shanghai, and Suzhou, China, have reported stronger ozonemortality rate associations in the cool period or in winter (7) (8) (9) . A recent 4-city study in the Pearl River Delta of Southern China estimated higher mortality effects of ozone during the nonpeak period compared with the peak period (10) . Another recent multicity study in Japan indicated significant effects of short-term ozone exposure on daily total and cardiovascular deaths among the elderly during spring and fall but not during winter and summer (11) .
Given the inconsistent findings regarding these seasonal patterns in East Asia versus those obtained in North America and Western Europe, there was a need to reevaluate this issue in more cities of East Asia. Therefore, the main objective of this multicenter study was to investigate the modifying effect of season on the association of ozone with daily mortality rate in 21 cities from mainland China, Hong Kong, Taiwan, Korea, and Japan. Temperature has been demonstrated to modify the ozone-mortality rate association (12) , and its health effects may be lagged for days or weeks (13) ; however, previous East Asian analyses tended to adjust only for current-day temperature. Thus, a secondary objective of this study was to examine the appropriate temperature control for analyzing the ozone-mortality rate association in this region.
METHODS

Data collection
Our study included the following 21 cities throughout East Asia, which were chosen according to data availability: Beijing, Suzhou, and Shanghai in mainland China; Hong Kong; Taipei, Taichung, and Kaohsiung in Taiwan; Busan, Daegu, Daejeon, Gwangju, Incheon, Seoul, and Ulsan in Korea; and Fukuoka, Kitakyushu, Nagoya, Osaka, Sapporo, Sendai, and Tokyo in Japan. These cities, with a total population of approximately 80 million urban residents, covered a wide range of geographical and socioeconomic features and are characteristic of East Asian countries.
The sources of daily mortality data were the Municipal Center for Disease Control and Prevention for each city in mainland China; the Census and Statistics Department in Hong Kong; the Department of Health in Taiwan; the Ministry of Health, Labor, and Welfare for each city in Japan; and the Korea National Statistics Office for each city in Korea. The total nonaccidental mortality rate was coded according to International Classification of Diseases, Ninth Revision, codes 001-799 and International Classification of Diseases, Tenth Revision, codes A00-R99.
We collected data on daily concentrations of ozone, as well as particulate matter with aerodynamic diameter of 10 μm or less (PM 10 ), sulfur dioxide, and nitrogen dioxide from fixedsite air monitoring stations in each city. Ozone was measured year-round in all cities, and few data were missing. We computed daily maximum 8-hour averages (from 10 AM to 6 PM) for ozone and the daily 24-hour mean for the other pollutants. In each city, the daily air pollutants' concentrations were averaged from the available monitoring measurements across various stations. We also obtained daily mean temperature and relative humidity data from the meteorological departments in each city to allow adjustment for the potential confounding effects of weather conditions on daily mortality rate.
Statistical analyses
We applied 2-stage Bayesian hierarchical models to estimate the regional average associations of ozone and daily mortality rate. In the first stage, we fitted time-series regression to estimate the annual average and season-specific associations of mortality rate and ozone in each city; in the second stage, we pooled the city-specific estimates at the country level and regional level using Bayesian hierarchical models (3) .
In the first stage, we initially applied a "main" model that assumed the associations of ozone were constant throughout the year. We included, a priori, the average of the same day's and previous day's ozone concentrations (lag 01) in all models because this lag was most commonly used in previous studies and was shown to be more strongly associated with the observed health effects (3, 4, 14) . In each city, we used quasiPoisson generalized additive models because daily deaths typically followed an overdispersed Poisson distribution. To control for potential confounders, we incorporated the following covariates in the generalized additive models: 1) a natural cubic spline of calendar time with 7 degrees of freedom per year to control for unmeasured long-term and seasonal trends in daily mortality rate, 2) natural cubic splines of mean temperature and relative humidity to adjust for the potential confounding effects of weather conditions on mortality rate, 3) an indicator variable for day of the week, and 4) influenza epidemics (15) . Hence, the formula for the "main" model is
where Y t is the daily count of total nonaccidental deaths; β 1 is the regression coefficient of ozone on mortality rate; Z t−l is ozone on day t at a lag; ns(t, df) is the natural spline smoothing function of calendar time with 7 df per year; ns(temperature t , 6) is the natural spline of temperature on day t with 6 df for the whole study period; ns(humidity t , 3) is the natural spline of relative humidity on day t with 3 df for the whole study period; DOW t is the indicator of day of the week on day t; β 2 is the regression coefficient relating day of the week; influenza is a dummy variable taking the value of 1 when the 7-day moving average of the respiratory mortality rate was greater than the 90th percentile of its city-specific distribution (16) ; and β 3 is the regression coefficient of influenza. Ozone was introduced into the model as a linear term (17) . Because temperature's effects on health may be lagged over days or weeks (13, 18) , we alternatively included different lag structures of temperature in our model, namely lag 0, the moving average of lags 0-3, lags 0-7, lags 0-14, and lags 0-28 days. We also controlled for 2 temperature terms as proposed in the National Morbidity, Mortality, and Air Pollution Study (NMMAPS) (17) (i.e., the present-day temperature and the average of the 3 previous days' temperatures).
To determine the optimal temperature control for the main analyses, we further compared the different models using fit parameters, including the adjusted R 2 value and the generalized cross-validation criteria. The optimal terms for lagged temperature were determined by maximizing the R 2 value and minimizing the scores of generalized cross-validation. We incorporated only the present-day relative humidity in the models because previous studies have shown no evidence of confounding by this variable in air pollution epidemiology.
Then, we constructed the "seasonal" model to estimate the season-specific associations of ozone (19) (20) (21) . This model was similar to the "main" model except for the following 2 replacements:
1. We replaced the β with an ozone × season interaction term
where I w , I sp , I su , and I f are indicators of winter, spring, summer, and fall, respectively, and β w , β sp , β su , and β f are the respective regression coefficients of ozone's associations with mortality rate in winter (DecemberFebruary), spring (March-May), summer (June-August), and fall (September-November), respectively. 2. To control the temporal trend in each season, we replaced the ns(t, df ) in equation 1 with
In the second stage, we applied the Bayesian hierarchical models to pool the city-specific estimates while accounting for within-city statistical error and between-city variability (i.e., heterogeneity) of the "true" estimates. For each association under investigation, we estimated a city-specific maximum likelihood estimateβ, which is a scalar for the "main" model and a vector of length 4 for the "seasonal" model.β is assumed to be normally distributed around the true city-specific β with covariance matrix V, estimated within each city. We applied this hierarchical model by using 2-level normal independent sampling estimation with uniform priors (21) . This provides a sample from the posterior distribution from which one can calculate posterior means and variances of the overall and cityspecific ozone estimates. Then, we presented the estimates as the posterior means of the percentage increases in daily mortality rate and their 95% posterior intervals. We evaluated the between-city heterogeneity of all-year estimates and the within-city heterogeneity of season-specific estimates by calculating the I 2 statistic. The I 2 statistic provides an estimate of the percentage of variability in magnitude across estimates that is likely due to true differences as opposed to chance. We considered I 2 > 0.50 as indicating significant heterogeneity and 0.25 < I 2 < 0.50 as indicating moderate heterogeneity.
We investigated the sensitivity of our results to the simultaneous exposure to other pollutants by alternatively fitting 2-pollutant models with PM 10 , sulfur dioxide, and nitrogen dioxide. We also estimated the all-year and season-specific associations of ozone at single-day lags of 0-6 days and a 7-day moving average to examine whether the seasonal pattern of ozone's association with mortality rate changed when using alternative lags of ozone. The statistical tests were 2-sided, and associations of P < 0.05 were considered statistically significant. All models were fitted with R statistical software, version 2.15.1 (R Foundation for Statistical Computing, Vienna, Austria) using the mgcv package for generalized additive models, and tlnise for Bayesian hierarchical models. To allow for the comparison of season-specific estimates, we calculated excess logrelative mortality rates per increases of ozone equal to the city-specific and season-specific interquartile ranges (IQRs) in the main analysis. We also reported the ozone-mortality rate associations using a 10-μg/m 3 increase. Table 1 shows descriptive data on the study period, daily total deaths, ozone concentrations, and mean temperature from the 21 large East Asian cities included in our analysis. The study period varied from city to city according to the data availability, but it was longer than 10 years in most cities. The mean daily total deaths ranged from 11 in Ulsan to 150 in Tokyo. Cities in Taiwan had the highest mean concentration of ozone (115.6 μg/m Table 1 , available at http://aje.oxfordjournals.org/). The annual mean temperatures ranged from 9.2°C in Sapporo to 25.3°C in Kaohsiung, reflecting distinct climatic characteristics among these cities.
RESULTS
Overall, ozone was weakly associated with PM 10 , sulfur dioxide, and nitrogen dioxide (mean correlation coefficients = 0.21, 0.04, and −0.01, respectively), and it was positively correlated with temperature (mean correlation coefficient = 0.29) and negatively correlated with humidity (mean correlation coefficient = −0.30). Specifically, the mean correlation coefficients were −0.05 in winter, 0.33 in spring, 0.12 in summer, and 0.28 in fall. Table 2 presents the model fit criteria following different temperature control with different moving lag days and 2 temperature terms. The highest R 2 values and lowest generalized cross-validation scores were obtained under the moving average of temperature at lags 0-14. Hence, we controlled for temperature using lags of 0-14 days in the main analyses. Table 2 also shows the annual and season-specific associations of ozone and mortality rate at lags 0-1 for different lag structures of temperature. The all-year estimates of ozone increased after controlling for multiple temperature lags. For example, when adjusting for the moving average temperature of lag 0-14 days, we estimated a 1.44% (95% posterior interval (PI): 0.76%, 1.19%) increase in daily total mortality rate per an IQR increase of ozone, compared with a corresponding increase of 0.91% (95% PI: 0.67%, 1.15%) when controlling for the current-day temperature only. Seasonspecific estimates were attenuated in winter from 1.28% when controlling for the same-day temperature to 0.62% when controlling for lags 0-14, but they increased drastically in summer from 0.44% to 1.60%, and they also increased slightly in transitional seasons. The seasonal pattern of ozone's associations with mortality rate varied by different temperature controls-from a winter peak when controlling for same-day temperature to a winter trough when using multiple lags. For example, when adjusting for same-day temperature, we estimated a 1.28% increased daily mortality rate in winter, 1.09% in spring, 0.44% in summer, and 1.00% in fall; however, the corresponding increases were 0.62%, 1.46%, 1.60%, and 1.12% when controlling for temperature with lags of 0-14 days. We also obtained a similar pattern with a trough in winter when using 2 temperature terms. Table 3 presents the pooled percent increase of daily mortality rate associated with an IQR increase of ozone in 4 regions (Taiwan, Japan, Korea, and mainland China including Hong Kong), adjusting for temperature at lags 0-14 days.
The seasonal pattern remained the same across regions with an appreciable trough in winter. This seasonal pattern was also evident in city-specific results (Web Table 2 ).
We observed significant heterogeneity for the all-year associations of ozone and mortality rate among the 21 cities, with the lowest heterogeneity in Korean cities. For the season-specified estimates of ozone associations, the overall differences for the seasonal estimates were significant (averaged I 2 > 0.50); the seasonal difference was most significant for mainland Chinese cities (data not shown).
Results from 2-pollutant models ( Figure 1 ) indicated that ozone's associations were fairly stable after adjusting in turn for PM 10 , sulfur dioxide, and nitrogen dioxide. Figure 2 illustrates that our main lag (lag 01) generated the largest estimates compared with single-day lags of 0-6 days and the moving average lag of 0-6 days. Ozone's association with mortality rate varied greatly by season, with an obvious trough in winter using alternative lags for ozone, which was also evident when using 10 μg/m 3 as the ozone increment for the estimation of mortality rate change (Web Table 3 ). 
DISCUSSION
This multicenter time-series study in 21 large cities across East Asia provided robust evidence of a significant association between short-term ozone exposure and mortality rate. Results were generally robust to adjustment for copollutants, the use of alternative lags for ozone, and the choice of units for the estimate, but they were sensitive to how we adjusted for temperature. Our study did not support previous findings that the associations of ozone with daily mortality rate peaked in winter or in cool months in East Asia.
On average across the 21 cities, we estimated a 1.44% (95% PI: 1.08%, 1.80%) increase in daily total mortality rate for an IQR increase in the average of the same and previous day's ozone concentrations. To allow for the comparison of studies with different ozone metrics, we used a relationship of 20:15:8 for the 1-hour maximum: 8-hour maximum: daily average (22) . The pooled all-year estimate in our study was a 0.30% increase in total mortality rate associated with a 10-μg/m 3 increase in 8-hour maximum ozone. This estimate was generally consistent with previously reported results from meta-analyses and multicity studies worldwide (1-4, 10, 14, 17, 22-26) . Meta-analyses have estimated 0.21%-0.34% increases of mortality rate per 10-μg/ m 3 increase in 8-hour maximum ozone, and multicity studies have estimated a wider range of 0.03%-1.13%.
Consistent with previous multicity studies (3, 17) , our study found significant heterogeneity for the estimates of ozone's associations with mortality rate among the 21 cities, which may be attributable to a number of factors. Exposure characteristics, such as building ventilation, insulation, use of air conditioning, and time-location activity patterns, as well as population susceptibility factors including age structure and socioeconomic status, might vary across these cities. For example, a higher proportion of elderly residents was expected in Japan compared with mainland China. However, the overall results strongly support a positive association between ozone exposure and mortality rate, although the cityspecific estimates were significantly heterogeneous.
It has been widely reported that the levels of ambient ozone vary seasonally and, thus, the associated health effects may also be different across seasons (27) . A number of studies have recorded significant associations of ozone with mortality rate in summer but weak or null associations in other seasons. In the Air Pollution and Health: A European Approach project, Gryparis et al. (4) found that a 10-μg/m 3 increase in 8-hour maximum ozone was associated with a 0.31% (95% confidence interval: 0.17%, 0.52%) increase in daily total mortality rate in the summer period; however, this estimate was 0.12% (95% confidence interval: −0.12%, 0.37%) in the winter season. A meta-analysis of 144 effect estimates by Bell et al. (1) , mainly from North America and Western Europe, also showed a larger effect of ozone during the warm period (May-October) than in the whole year. Similarly, a US multicity study by Zanobetti and Schwartz (5) detected a significant effect of ozone on daily mortality rate in summer, whereas the effect decreased to null in the fall and winter. More recently, in an intercontinental study including 23 European cities, 12 Canadian cities, and 86 US cities, Peng et al. (3) found appreciably stronger ozone-mortality rate associations during the warm period (April-September) compared with the all-year estimates.
Contrary to the findings in North America and Western Europe, several previous studies in East Asia have consistently reported significant and larger mortality effects of ozone in the cold season. In Hong Kong, Shanghai, and Suzhou, China, significant associations were reported during the cold period (October-March) but not the warm period (April-September) (7-9). Tao et al. (10) observed a significant effect of ozone on respiratory mortality rate during the nonpeak period (December-August) but not the peak period (September-November) in 4 cities of the Pearl River Delta of Southern China. Outside China, Kim et al. (28) also reported a moderately smaller effect of ozone in the summer than in the whole year in Seoul, Korea. A multicity time-series study in Japan suggested that significant effects of short-term ozone exposure on total and cardiovascular mortality rate among the elderly were restricted to the moderate season (not the warm or cool season), whereas the effect on respiratory mortality rate was strongest in winter (11) .
Heterogeneity tests for season-specific estimates also supported significant seasonal patterns for ozone's associations with mortality rate, but the magnitude of the heterogeneity varied. Heterogeneity of ozone's effect estimates among different temperature levels was also reported in the NMMAPS, which suggested that high temperature enhanced the effects of ozone, particularly in the northern regions (12) .
It is plausible that the ozone-mortality rate association peaks in the summer and warm seasons because of better population exposure characterization when people spend more time outdoors. Our results suggest that previously reported higher effect estimates in the winter are likely due to the inadequate control of temperature as an important confounder. Numerous studies have illustrated that the health effects associated with changes in temperature could be lagged for days or even weeks. Specifically, shorter lags (up to several days) are associated with hot temperatures and longer lags (up to 3 or 4 weeks) with cold temperatures (18, 29) . We based our choice of optimal temperature control in the main analysis on model fit performance. Previous Asian studies tended to adjust only for same-day temperature when exploring ozone's effects, whereas studies from North America and Europe have included separate terms of lagged temperatures in the models (3, 4, 17) .
Nonetheless, several limitations should be noted. First, as in most previous time-series studies, we averaged pollutant measurements across monitors within a city. This results in measurement error, which is difficult to quantify, especially in 2-pollutant models. This measurement error may further vary in magnitude and direction across these cities (30) . Second, the lengths of study period, population size, and climatic characteristics varied in different cities, which might decrease the between-city comparability of our estimates. Third, we were not able to investigate the observed heterogeneity more thoroughly because there was little available information on possible effect modifiers. Fourth, in the 2-pollutant models, we did not evaluate the sensitivity of our results to the adjustment for fine particles because it was not a pollutant measured routinely during our study periods; nevertheless, a prior study in China has shown that ozone's health effects might be independent from fine particles (31) . Fifth, the definitions and cutoffs of seasons may vary appreciably across regions; however, most of our cities were located in subtropical and warm temperate zones with an IQR of annual average temperature less than 5°C.
In summary, we found significant associations between short-term exposure to ozone and increased daily mortality rates in 21 cities of East Asia, which was generally consistent with the results reported in North America and Western Europe. The ozone-mortality rate association varied considerably from season to season with a significant trough in winter. Previous Asian findings of stronger associations in the cool period were likely caused by inadequate control of the confounding effects of temperature. Our results may contribute to targeted environmental and public health policies, as well as improvements in the health risk assessment of ozone pollution in East Asian countries.
